Abstract Extracellular culture fluid of Fibrobacter succinogenes S85 grown on glucose, cellobiose, cellulose or wheat straw was analysed by 2D-NMR spectroscopy. Cellodextrins did not accumulate in the culture medium of cells grown on cellulose or straw. Maltodextrins and maltodextrin-1P were identified in the culture medium of glucose, cellobiose and cellulose grown cells. New glucose derivatives were identified in the culture fluid under all the substrate conditions. In particular, a compound identified as cellobionic acid accumulated at high levels in the medium of F. succinogenes S85 cultures. The production of cellobionic acid (and cellobionolactone also identified) was very surprising in an anaerobic bacterium. The results suggest metabolic shifts when cells were growing on solid substrate cellulose or straw compared to soluble sugars.
Introduction
Cellulose is the most abundant biomass in the world, and its biological degradation is a key step in global carbon cycling as well as a promising approach for the production of bioenergy (Lynd et al. 2002) . The rumen ecosystem, by exploiting cellulolytic microorganisms, is the most efficient process for cellulose transformation into useful products. The rumen cellulolytic microorganisms, which possess very active and complex hydrolytic systems, are thus potential biocatalysts for the synthesis of highly added value products. Fibrobacter succinogenes S85 is recognised as one of the most active cellulolytic rumen bacteria. Its enzymatic system has been extensively studied by molecular and biochemical approaches, and many different cellulases and hemicellulases have been identified (Krause et al. 2003) . In addition, the complete genome sequence of the strain S85 of F. succinogenes revealed more than 100 predicted enzymes active against plant polysaccharide (Qi et al. 2005) , suggesting a high potential hydrolytic activity of this organism. The sugar metabolism by F. succinogenes S85 was also extensively investigated (Forano et al. 2008) , while metabolisation of natural substrates was much less explored.
In a previous work, we showed that resting cells of F. succinogenes S85 were able to synthesise and release oligosaccharides identified by 2D-NMR techniques as maltodextrins (MD), maltodextrin-1-phosphate (MD-1P) and another unknown phosphorylated sugar. These metabolites were produced when cells were metabolising glucose and cellobiose, but also their natural substrate cellulose (Matulova et al. 2001; Nouaille et al. 2004 Nouaille et al. , 2005 . The synthesis and excretion of MD and MD-1P were unexpected in bacteria specialised in cellulose degradation. In addition, we found that no cellodextrins were accumulating in extracellular media of cells whatever the substrate and particularly cellulose, contrary to what was generally admitted. These results prompted us to investigate whether growing bacteria were still producing these oligosaccharides. Extracellular culture fluids of bacteria growing on soluble sugars and also on cellulose and wheat straw were analysed by 2D-NMR spectroscopy for the presence of α(1-4) and β(1-4) glucose oligosaccharides, phosphorylated or not. Analysis of sugar metabolism and its regulation in F. succinogenes growing on natural substrate is a prerequisite for further attempts to improve lignocellulose bioconversion by this species.
Materials and methods
Experimental procedures were mostly as described in Nouaille et al. (2004) or Matulova et al. (2005) .
Bacterial growth
F. succinogenes S85 (ATCC 19169) was grown at 39°C for 10 h in an anaerobic chemically defined medium (Gaudet et al. 1992) 
Results

Growth of F. succinogenes S85 on different substrates
Growth of F. succinogenes S85 on glucose, cellobiose, cellulose and wheat straw was monitored by quantification of the production of succinate and acetate, the two main products of its metabolism. Identical growth was obtained on glucose and cellobiose, and the same amounts of succinate (8.4±1.0 mM) and acetate (2.3±0.8 mM) were produced in the extracellular medium after 10 h (stationary phase, not shown). When cells were grown on cellulose and wheat straw, respectively, 10.5 and 7 mM of succinate and 8 and 4 mM of acetate were produced after 4 days (stationary phase), on the example shown in Fig. 1 . Both on cellulose and wheat straw, acetate was produced in higher amount than succinate during the first 24 h, while after this time, succinate was the major metabolite produced (Fig. 1) . Cultures on glucose and cellobiose always produced succinate in higher concentration than acetate (mean ratio about 3.5). There appears thus to be a metabolic shift after the first day of culture on solid substrate.
Analysis of glucose, cellobiose and cellulose culture media 1 H NMR COSY spectra of extracellular media obtained after 10 h growth on glucose or cellobiose and 1 day growth on cellulose are presented in Fig. 2 . These metabolites were previously observed in resting cell incubations . The signals of α-glucose were also present in this part of the figure, corresponding to free glucose (α-glucose, αGlc, δ 5.24/3.54, Fig. 2a and 2b ) or corresponding to residual cellobiose (α reducing end, αCB δ 5.24/3.59, Fig. 2b ). In the right part of Fig. 2 are detected the signals of free glucose (β-glucose, βGlc, δ 4.65/3.24, Fig. 2a ) and cellobiose (β reducing end, βCB, δ 4.68/3.30 and non-reducing glucose moiety of CB, β 4.52/3.33, Fig. 2a and b) . The presence of cross-peaks at δ 4.54/3.34 suggested the synthesis of CD of dp > 2 (Fig. 2b) . A huge signal of a new metabolite, named X2 (δ 4.63/3.39) was detected in Fig. 2a , b and c.
Identification of X2
Various 1D and 2D-NMR techniques were used to analyse the cellobiose culture media in order to identify X2. The COSY spectrum revealed the presence of glucose and X2 both in a rough ratio 1:1 and a further series of nonidentified signals. Starting with selective excitation of the signal at δ 4.63, series of 1D selective TOCSY, 1D selective NOESY were obtained. Two-dimensional HSQC and HMBC NMR spectra were also registered (Fig. 3) . NMR data indicated the presence of disaccharide in which a nonreducing part of the molecule is β-glucose, which is linked to an acyclic carbon chain. The type of linkages between the two sugar moieties was confirmed by responses in the 1D 1 H transient NOESY spectra. After a selective excitation of H1 at δ 4.63 (glucose of non-reducing end), besides its own H3 (δ 3.52) and H5(δ 3.49), two other signals at δ 4.21 and 4.13 appeared, which were previously identified by 1D selective TOCSY as H4 and H3 signals of the acyclic moiety (Table 1 ). In the HMBC spectrum, a cross-peak due to H2/C1 of acyclic carbon chain was observed, confirming thus the presence of carboxyl group at C1 (Fig. 3b) . These data suggest that X2 is cellobionic acid in form of cellobionate (CBA-S, cellobionic acid salt). NMR spectra of cellobionate and cellobionolactone were previously published by Higham et al. 1994 . Our data (Table 1 , Fig. 4 ) are in very good agreement with the spectrum of CBA-S shown there. Moreover, the published spectrum of cellobionolactone (CBA-L) helped us to identify further signals in our spectra and to reveal the presence of this compound in the F. succinogenes culture medium (Fig. 4) . Anomeric signal due to non-reducing glucose unit of CBA-L was found at δ 4.54. Reducing end glucose unit in the form of lactone showed a typical signal at δ 4.27 in the 1 H NMR spectrum (Fig. 4) . However, HSQC spectrum ( Fig. 3a) indicated that it represents overlapped signals of three protons of the lactonic part of the molecule. Their assignment was done only tentatively by comparison with the data of glucose, gluconolactone and cellobiose. The ratio of signals due to cellobiose/glucose/CBA-S/CBA-L was 0.1:1:1:0.6 in the spectrum shown. The quantification in the case of CB, CBA-S and CBA-L was done by integration of H1 signal due to non-reducing end units and H1 α and β signals of reducing-end glucose. The ratio CBA-S/CBA-L varied from 1 to 1.7 depending on the experiments.
Analysis of wheat straw culture media
We also checked for the presence of these compounds in the culture media of bacteria grown on wheat straw. Samples were analysed by 1 H-1 H COSY. Spectra collected after 1 and 4 days of bacterial growth are presented in Fig. 5 . Identified signals were mainly due to free xylose, arabinose and arabinoglucuronoxylan oligosaccharides, released during hemicellulose degradation in wheat straw . The H1 anomeric signal due to nonreducing Glc unit of cellobionate (CBA-S, H1/H2: δ 4.63/ 3.38) was also detected in the COSY spectra from the beginning of bacterial growth (Fig. 5a ) until the end of the culture (Fig. 5b) . Its concentration, quantified from H1/H2 signal volumes in COSY spectra, varied from 1 to 1.5 mM. The presence of cellodextrin cross-peaks (δ 4.53-4.52/ 3.36-3.32) was not detected unambiguously in any spectrum because a lot of H1/H2 cross-peaks were detected in the region δ 4.60-4.50/3.35-3.30. However, as shown previously in similar experiments and also complementary experiments , cellodextrins are likely not present in the straw culture medium. The metabolite denoted X (H1/H2 and C1: δ 5.46/3.48 and 94.2) and assigned to a derivative of Glc-1P was detected in the early stage of the culture (after 8 h, not shown), but it was not found in the spectra registered at later stages (Fig. 5) . MD and MP-1P were not identified in the wheat straw culture media.
Oligosaccharide production in growing cells
The presence of different sugars detected by NMR in the extracellular medium of the four culture conditions is summarised in Table 2 . The first important result is that neither CD nor cellobiose is accumulating in the extracellular medium of cells growing on cellulose or straw. Also, no glucose could be detected when cells were grown on solid substrate. Maltose-1P was only found when cellulose was the growth substrate, while non-phosphorylated MDs were only produced when cells were growing on the soluble sugars glucose and cellobiose. The Glc-1P derivative (X) was found under all conditions of growth, while Glc-1P could not be detected on any substrate. Finally, cellobionic acid (cellobionate) was detected under the four conditions of growth; its concentration was in the millimolar range. This concentration value indicates that this compound, as well as the other ones detected in the extracellular medium, was not released from cell lysis (Wells and Russell 1996) , but was actively excreted from the bacteria. The presence of all the sugars and sugar derivatives detected previously in resting cells ) is also reported in Table 2 for comparison. 
Discussion
On cellulose and wheat straw, the production of organic acids by F. succinogenes S85, a good indicator of the bacterial growth (Fields et al. 2000) , was very similar (Fig. 1) . However, the concentration of both acetate and succinate was lower on straw, probably because of less available substrate for growth. Indeed, although F. succinogenes S85 degrades very efficiently the hemicelluloses of straw and particularly xylans, it is not able to metabolise the pentoses or xylooligosaccharides released and only uses glucose and cellobiose for growth (Matte et al. 1992; Matheron et al. 1997 ). On both solid substrates, a shift in the production of the metabolites acetate and succinate was observed after about 24 h, contrary to what was found on glucose or cellobiose. This reflects a modification in the fluxes in the two corresponding metabolic pathways. As the acetate pathway is an efficient means of producing ATP (Miller 1978; Matheron et al. 1997) , this shift might be due to different energy requirements between the beginning and the end of the batch culture on solid substrates. For example, there could be a need of more energy in the first hours of growth on solid substrate for induction of synthesis of specific proteins involved in adhesion (Roger et al. 1990 ) or cellulolysis (Béra-Maillet et al. 2000) . In addition, acetate and succinate production may be affected differently by several factors such as pH, as shown previously on continuous cultures of S85 (Weimer 1993) or on other bacteria (Desvaux 2001) . As F. succinogenes also produces formate as a minor metabolite (Miller 1978; Matheron et al. 1997) , it would have been interesting to monitor its concentration during the growth on the two substrates to see the evolution of its production with time.
The analysis of the oligosaccharides produced in the culture medium on the four substrates shows specific features. C heterocorrelated HSQC (a) and HMBC (b) spectra of the extracellular medium of F. succinogenes grown on cellobiose. Spectrum A Cross-peaks marked by squares are due to cellobionic acid in sodium salt form (CBA-S), while those marked by circles are due to a cellobionolactone (CBA-L). Other signals present in the spectrum are due to α and β glucose (H1 signals at δ 5.23/93.1 and 4.65/96.9, respectively) formed by degradation of cellobiose. H1 signal at δ 4.51 reveals the presence of a trace amount of cellobiose still present in the mixture. Arrow in the spectrum B indicates a cross-peak due to a long range coupling constant from H2 to carboxyl group in the lactone part of the molecule in CBA-S MD or MD-1P that were produced by resting cells of F. succinogenes (Nouaille et al. 2004 were also found under more physiological conditions of cells growing on cellulose. They were not detected on straw, either because they are not produced at all or because of a too small concentration on this substrate that also provided lower growth (Fig. 1) . We previously observed with resting cells ) that the ratio MD-1P/MD was increasing with the DP of the substrate (glucose < cellobiose << cellulose). This phenomenon appears amplified in growing cells where MD-1P was only detected with cellulose, while MD was only detected with glucose and cellobiose ( Table 2) . One of the main difference between growing and resting cells concerns Glc-1P and X: Glc-1P was present in resting cells, and its concentration was increasing with the size of the substrate (Table 2, Nouaille et al. 2005) , while it was absent in growing cells. On the contrary, X was not detected in resting cells metabolising glucose and cellobiose, while it was present in high quantity in cells metabolising cellulose; in growing cells, Chemical shift (ppm) Fig. 4 Part of the 1 H spectrum of the extracellular medium of F. succinogenes grown on cellobiose. Glc+CB red.alpha overlapped H1 signals due to α-glucose and reducing α-glucose units of cellobiose, Glc+CB red.beta overlapped H1 signals due to β-glucose and reducing β-glucose units of cellobiose, CBA nr salt H1 signal due to non-reducing unit glucose of cellobionate, CBA nr lactone H1 signal due to non-reducing unit glucose of cellobionolactone, CB H1 signal due to non-reducing unit glucose of cellobiose, CBA lactone* tentatively attributed overlapped H2, H3 and H4 signals of the gluconolactone part of the cellobionolactone molecule, CBA-H4 salt H4 of the acyclic part of the cellobionate molecule, CBA-H3 salt H3 of the acyclic part of the cellobionate molecule, CBA-H5 salt H5 of the acyclic part of the cellobionate molecule xylose substituted by glucuronic acid in xylo-oligosaccharides, Arap free arabinose in the pyranose form (α and β anomers), Xyl free xylose (α and β anomers), Xyl red reducing end of xylose (α and β anomers) in xylooligosaccharides, Xyl int internal xylose in xylooligosaccharides, Araf −Xyl arabinosyl moiety in xylooligosaccharides, X2 cellobionate, ST standard, 1-O-methyl-β-D-xylopyranose X was found under the four substrate conditions, it appears in higher quantity in extracellular medium of cells grown on cellulose (Fig. 2) . These results suggest that Glc-1P might be the precursor of X. In the case of cellulose, the larger accumulation of X (both in growing and in resting cells) could be explained by a higher Glc-1P production. Growth on cellulose or straw differs from that on soluble sugars by several factors: (a) the necessity for bacteria first to adhere to the substrate and second to degrade it, (b) different growth rate, (c) different physiological state of the bacteria; the carbon flow is consequently different in cellulose and/or wheat straw grown cells. The metabolism of another anaerobic cellulolytic bacterium Clostridium cellulolyticum was studied in details in batch and continuous cultures on cellobiose or cellulose, and a modification of metabolic fluxes was also observed between the two substrates (Desvaux et al. 2000; Desvaux et al. 2001) .
Accumulation of phosphorylated sugars in the extracellular medium of growing bacteria (present work) but also of resting cells (Nouaille et al. 2004 ) is quite surprising. Their estimated concentration in the millimolar range exclude their release by bacterial cell lysis as this would imply an extremely high intracellular concentration, far above that previously measured in F. succinogenes (Matheron et al. 1998) . They could be actively excreted from the cells by a specific permease, such as that reported to occur for G6P in Escherichia coli (Van der Zee et al. 1996) .
In F. succinogenes resting cells, no CB or CD was detected in the extracellular medium of cells incubated with glucose or cellulose. On the contrary, cells growing on glucose accumulated CB in the culture fluid, and cells growing on cellobiose accumulated CB and CD in the culture medium; these results are in accordance with those of Wells et al. (1995) . However, in cellulose cultures, no CB or CD could be detected in the medium. The same results were observed on wheat straw cultures (present work and Matulova et al. 2005) . This suggests that CD are utilised by the cells as soon as they are released during cellulose degradation. This result is in agreement with the concept that the depolymerisation of insoluble cellulose to soluble cellodextrins limits the cellulose fermentation, as proposed by Pavlostathis et al. (1988) for Ruminococcus albus. Such mechanism could avoid a feed-back inhibition of cellulases by cellodextrins. In addition, we did not find any glucose accumulation in the milieu of cells grown on cellulose, contrary to what was found previously in cellulose-fed continuous cultures of F. succinogenes and particularly at low pH (Weimer 1993 ). This might be explained by different growth rate in batch and continuous cultures.
Several groups showed previously that F. succinogenes could be co-cultured with non-cellulolytic bacteria on cellulose and concluded that F. succinogenes was providing cellodextrins to the other species (Scheifinger and Wolin 1973; Kudo et al. 1987; Wells et al. 1995) . Altogether, the results of the present work on growing cells suggest that maltodextrins and/or maltodextrin-phosphate and/or X may be additional substrates of this inter-species cross-feeding. Indeed, two of the species used in the co-cultures, Selenomonas ruminantium and Streptococcus bovis, are amylolytic and thus able to use maltodextrins, while the third one (Treponema bryantii) is saccharolytic (Stewart et al. 1997) .
A new compound, identified as cellobionic acid, was present in growing cells whatever the substrate, while it was not detected in resting cells (Table 2 ). The presence of cellobionic acid is very surprising. It is usually produced in aerobic lignocellulolytic fungi through the activity of a cellobiose dehydrogenase (CDH) that converts cellobiose into cellobionolactone, an unstable compound rapidly spontaneously hydrolysed into cellobionic acid (Higham et al. 1994; Zamocky et al. 2006) . CDH activity was also found in cellulolytic bacteria (Li et al. 1996) . Cellobionolactone was also identified in the culture media of F. succinogenes S85. Sugar dehydrogenase with a broad specificity is found in bacteria; for example, the soluble aldose sugar dehydrogenase (sGdh) from E. coli can utilise glucose or arabinose, but displays higher activity towards oligomeric substrates such as maltose, maltotriose or cellobiose (Southall et al. 2006) . Putative sGdh homologs have been identified in diverse MD-1P maltose-1-phosphate, MD linear maltodextrins, X glucose-1P derivative, Glc glucose, CB cellobiose, CD cellodextrins of dp > 2, CBA cellobionic acid prokaryotic phyla, including the proteobacteria and some firmicutes, and even in Archaea (Oubrie 2003 ). The precise role of the sugar dehydrogenases is not completely clear. In aerobic fungi, CDH might be involved in regulation of cellulase expression as it produces cellobionolactone, which is a potent inducer of cellulase genes in some of these organisms such as Trichoderma reesei (Ilmen et al. 1997) . CDH was also proposed to directly participate in cellulose depolymerisation (Mansfield et al. 1997) . The E. coli as well as other enteric bacterial sGdh was proposed to be part of a periplasmic electron transfer system that can serve to input sugar-derived electrons into the respiratory network (Southall et al. 2006) . In F. succinogenes, there is no clear evidence for the presence of a Gdh (no highly homologous gene was found in the genome of the S85 strain, http://blast.jcvi.org/ rumenomics/), and additional experiments are necessary to discover the mechanism of cellobionolactone/cellobionic acid formation as well as its role in the bacterium.
